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Abstract: Cold-formed steel lipped channel beams (LCB) are used extensively in residential, 6 
industrial and commercial buildings as load bearing structural elements. Their shear capacities 7 
are considerably reduced when web openings are included for the purpose of locating building 8 
services. Past research has shown that the shear capacities of LCBs were reduced by up to 9 
70% due to the inclusion of these web openings. Hence there is a need to improve the shear 10 
capacities of LCBs with web openings. A cost effective way of eliminating the detrimental 11 
effects of large web openings is to attach suitable stiffeners around the web openings and 12 
restore the original shear strength and stiffness of LCBs. Hence detailed experimental studies 13 
were undertaken to investigate the behaviour and strength of LCBs with stiffened web 14 
openings subject to shear, and combined bending and shear actions.  Both plate and stud 15 
stiffeners with varying sizes and thicknesses were attached to the web elements of LCBs using 16 
different screw-fastening arrangements. Simply supported test specimens of LCBs with aspect 17 
ratios of 1.0 and 1.5 were loaded at mid-span until failure. Numerical studies were also 18 
undertaken to investigate the strength of LCBs with stiffened web openings. Finite element 19 
models of LCBs with stiffened web openings under shear, combined bending and shear 20 
actions were developed to simulate the behaviour of tested LCBs. The developed models were 21 
then validated by comparing their results with experimental results and used in further studies. 22 
Both experimental and finite element analysis results showed that the stiffening arrangements 23 
recommended by past research and available design guidelines are not adequate to restore the 24 
original shear strengths of LCBs. Therefore new stiffener arrangements were proposed based 25 
on screw fastened plate stiffeners. This paper presents the details of this research study and 26 
the results. 27 
 28 
Keywords: Cold-formed steel structures, Lipped channel beams, Web openings, Shear tests, 29 
Shear strength, Combined bending and shear, Plate stiffeners, Finite element Analyses. 30 
Corresponding author’s email address:  m.mahendran@qut.edu.au 31 
1Vice-Chancellor's Research Fellow, Science and Engineering Faculty, Queensland University of Technology 32 
Brisbane, QLD 4000, Australia, keeds123@qut.edu.au 33 
2Professor of Structural Engineering, Science and Engineering Faculty, Queensland University of Technology 34 
Brisbane, QLD 4000, Australia, m.mahendran@qut.edu.au 35 
2 
1. Introduction 36 
 37 
Cold-formed steel sections are frequently used in residential, industrial and commercial 38 
buildings as roofing, floor and wall systems. The increasing use of cold-formed steel sections 39 
has enhanced research interest in improving the design and efficiency of cold-formed steel 40 
members. Among them, lipped channel and Z-sections are commonly used due to their high 41 
strength-to-weight ratio, economy of transportation and handling, ease of fabrication, simple 42 
erection and installation. Figure 1 shows the use of lipped channel beams (LCB) in floor 43 
systems with circular web openings. Table 1 provides the currently available LCB sections 44 
and their dimensions. 45 
 46 
At present industry applications in flooring systems include openings in the web of floor 47 
joists or bearers so that building services such as electrical conduits and plumbing facilities 48 
can be located within them. Without web openings in beams, building services need to be 49 
located under the joists leading to increased floor heights. Three standard opening sizes of 60, 50 
100 and 125 mm are used with the currently available LCBs. Shear force in LCBs is carried 51 
by their web elements. Hence the presence of web openings in LCBs significantly reduces 52 
their shear capacity due to the reduced web area. There are many variables that affect the 53 
shear capacity of members containing web openings. They include the shape, position and 54 
size of web openings and also the web slenderness. Hence Keerthan and Mahendran (2013a) 55 
investigated the shear behaviour and strength of LCBs with circular web openings using 56 
experimental and numerical studies. New design equations were developed by them for the 57 
shear capacity of LCBs with web openings, which included the effects of enhanced buckling 58 
due to the additional fixity along the web-flange juncture, and post-buckling strength in 59 
shear.  60 
 61 
Seo and Mahendran (2011), Anapayan et al. (2011) and Anapayan and Mahendran (2012a, b) 62 
also used experimental and numerical studies to investigate the behaviour of cold-formed 63 
steel beams with and without web openings subject to pure bending, and developed suitable 64 
design methods to predict their section and member capacities in bending.  65 
 66 
Since the loss of shear capacity of LCBs was found to be as high as 70% (Keerthan and 67 
Mahendran, 2013a) when the depth of web opening to clear height ratio (dwh/d1) is 0.70, there 68 
is a need to improve the capacities of LCBs with web openings subject to shear, and 69 
3 
combined bending and shear actions. Several methods can be used to improve these 70 
capacities. The most practical method is to increase the web thickness. However, this is not 71 
possible with cold-formed steel sections. A cost effective way to improve the detrimental 72 
effects of a large web opening is to attach suitable stiffeners around web openings. Current 73 
cold-formed steel design standards (AISI, 2007 and SA, 2005) and other steel framing 74 
standards (AISI, 2004) do not provide adequate guidelines in relation to the use of stiffeners 75 
for LCB floor joists with large web openings. Keerthan and Mahendran (2013b) investigated 76 
the shear behaviour and strength of hollow flange channel beams known as LiteSteel beams 77 
(OATM, 2008) with stiffened web openings using experimental and numerical studies while 78 
Sivakumaran (2008) conducted an experimental study to develop a stiffener system for cold-79 
formed LCBs with web openings. However, suitable web stiffening systems have not been 80 
developed for LCBs with web openings. Hence both experimental and numerical studies 81 
were conducted in this research to develop suitable stiffening arrangements for LCBs with 82 
circular web openings subjected to shear, and combined bending and shear actions. This 83 
paper presents the details of these experimental and finite element studies of LCBs with 84 
stiffened circular web openings, and the results.  85 
 86 
2. Past Research on the Shear Capacities of Steel Beams with Stiffened Web Openings 87 
 88 
Pennock (2001) conducted 56 tests to determine the effects of large circular openings on the 89 
strength of cold-formed steel joists and assess the performance of various stiffener systems. 90 
Circular and square openings, which reduced the web area by 75%, were investigated. His test 91 
specimens were subjected to bending, and combined bending and shear under simply 92 
supported conditions, and their web openings were stiffened using a short length joist of the 93 
same shape and thickness (Figure 2 (a)). It was found that the use of this type of stiffener in 94 
pure flexure was ineffective in restoring the capacity of joists.  95 
 96 
According to the prescriptive method for one and two family dwellings in the current 97 
standard for cold-formed steel framing (AISI, 2004), the web openings can be stiffened 98 
(patched) with a solid steel plate, stud section or a track section. The minimum thickness of 99 
such stiffeners shall be equal to the thickness of receiving section, and shall extend a 100 
minimum of 25 mm beyond all the edges of the openings. The steel plate, stud section or 101 
track section can be fastened to the web with No.8 screws (minimum size) at spacing no 102 
greater than 25 mm along the edges of the patch with a minimum edge distance of 12.5 mm. 103 
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The stiffener systems suggested by AISI (2004) are shown in Figure 2(b). Due to the absence 104 
of any experimental investigations to support the recommendations of AISI (2004), 105 
Sivakumaran (2008) conducted experimental studies to establish a suitable stiffener system 106 
for cold-formed steel beams with web openings.  107 
 108 
Sivakumaran (2008) considered 201x41x12x1.12 LCBs with 127 mm web openings. His 109 
shear test specimens are LCBs with web stiffeners as per Section 1.2.2.2.2 (AISI, 2012). 110 
Figure 3 shows the three types of stiffener systems tested by him for which the stiffener 111 
thickness was the same as LCB thickness as recommended by AISI (2004). Single web side 112 
plate was located at the end supports and the loading point in order to eliminate any torsional 113 
loading of test beams and web crippling of flanges and flange bearing failures. Single web 114 
opening was used in the shear test set-up instead of two symmetrical web openings. Table 2 115 
shows the shear capacities of tested 201x41x12x1.12 LCBs with stiffened web openings. 116 
 117 
Sivakumaran’s (2008) tests specimen with plate stiffeners established as per AISI (2004) 118 
stiffening requirements reached 93% of the shear capacity of LCB section without web 119 
openings (11.52 kN vs 12.43 kN) while his test specimen with LCB stud stiffener established 120 
as per AISI (2004) stiffening requirements reached 102% of the shear capacity of LCB 121 
section without web openings (12.46 kN vs 12.43 kN). Hence Sivakumaran (2008) stated that 122 
plate stiffeners established as per AISI (2004) stiffening requirements are not adequate to 123 
restore the shear strengths of joist sections with larger web openings (dwh/d1 = 0.63). The 124 
bridging channel stiffener in the form of a virendeel type reinforcement system was 125 
considered capable of restoring the original shear strength of cold-formed steel joist sections 126 
(Table 2). Since the 201x41x12x1.12 LCB without web openings failed by combined bending 127 
and shear at 12.43 kN as shown in Figure 3(a), its true shear capacity is likely to be higher 128 
than 12.43 kN (see Table 2). The latter capacity was calculated as 18.07 kN based on 129 
Keerthan and Mahendran’s (2013c) shear design rules. Hence it appears that LCB stud, plate 130 
and bridging channel stiffener established as per Sivakumaran (2008) and AISI (2004) 131 
stiffening requirements are not adequate to restore the original shear capacity of 132 
201x41x12x1.12 LCB, which is 18.07 kN. Larger and thicker plates and stud stiffeners may 133 
be needed for this purpose. Hence detailed experimental and numerical studies were 134 




3. Experimental Studies of LCBs with Stiffened Web Openings 138 
 139 
This experimental study was aimed at developing the most suitable web stiffening 140 
arrangements for LCBs to eliminate the large reductions in shear capacities when circular 141 
web openings are used. In order to fully understand the shear behaviour of LCB sections with 142 
stiffened web openings several important issues were considered when deciding the key 143 
parameters such as the ratio of the depth of web openings to clear height of web (dwh/d1), 144 
types and thicknesses of stiffeners, number of self-drilling Tek screws and their arrangements 145 
including spacings. 146 
 147 
3.1. Test Specimens 148 
 149 
In this study one LCB section, 250x75x15x1.9 LCB, made of two different steel grades 150 
(G250 with a measured yield stress of 271 MPa and G450 with a measured yield stress of 515 151 
MPa) were used. Three circular web opening sizes of 60, 100 and 125 mm diameter were 152 
chosen based on the standard sizes as used in the industry. Plate and stud stiffeners as 153 
recommended by AISI (2004) were used with varying thicknesses and sizes and screw 154 
fastening arrangements in eight tests. Seven tests were also conducted without stiffening the 155 
web openings, giving a total of 15 tests. Details of these test specimens including their 156 
measured dimensions and yield stresses are given in Table 3.  157 
 158 
Initially attempts were made to conduct only the tests of LCBs subject to a primarily shear 159 
actions. This required a small aspect ratio (shear span a/ clear web height d) of 1.0 for all the 160 
test specimens. This meant some of the proposed web stiffeners could not be accommodated 161 
within the short shear span (a). Hence two aspect ratios of 1.0 and 1.5 were considered in this 162 
study. It is practically impossible to set up a loading scheme to test a beam under pure shear. 163 
Bending moment will be present too. But it can be assumed that the shear capacity is not 164 
affected provided the ratio of applied moment M* to the section moment capacity Ms is less 165 
than 0.50 based on the design rules of AS/NZS 4600 for combined  bending and shear 166 
actions. This requirement could not be met by some test specimens in our study due to the use 167 
of the larger aspect ratio of 1.5. The M*/Ms ratio was about 0.7 for Test Specimens 1, 2, 5, 7, 168 
8 and 10. Hence there will be about 10% shear capacity reduction for these specimens. The 169 
remaining test specimens were considered as subject to primarily shear action with no effect 170 
due to the presence of bending moment. Overall, this experimental study investigated the 171 
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behaviour of LCB sections with stiffened web opening subject to shear, and combined 172 
bending and shear actions. A numerical study was then undertaken to complement the 173 
experimental findings and to eliminate the shortcoming in the experimental study.  174 
 175 
3.2. Test Set-up 176 
 177 
Two LCB sections were bolted back to back using three T-shaped stiffeners and three web 178 
side plates located at the end supports and the loading point in order to eliminate any 179 
torsional loading of test beams and possible web crippling of flanges and flange bearing 180 
failures. A 30 mm gap was included between the two LCB sections as shown in Figure 4 to 181 
allow the test beams to behave independently while remaining together to resist torsional 182 
effects. 183 
 184 
The LCB sections were loaded through the central T-shaped stiffener that was attached to the 185 
back to back test beams and the two web side plates with 4 M16 bolts at the mid-span loading 186 
point. These T-shaped stiffeners were important as they avoided any bearing failures of the 187 
flanges. This method of loading has the added advantage of loading through the shear centre, 188 
thus avoiding eccentric loading and web crippling. Similar T-shaped stiffeners were also 189 
located at the supports, and were bolted to the two LCBs and the two web side plates on 190 
either side.  Since LCBs are open cold-formed sections, they have an unbalanced shear flow. 191 
This research focuses on the structural behaviour of LCBs with stiffened web openings 192 
subjected to primarily shear, and combined bending and shear actions. Hence the LCB 193 
flanges were restrained by straps to eliminate any flange distortion due to the presence of 194 
unbalanced shear flows and distortional buckling. Figure 4 (a) shows the experimental set-up 195 
used in this research while Figure 4 (b) shows the web side plate arrangement. Keerthan and 196 
Mahendran (2010) found that full web side plates were needed on both sides in the shear test 197 
set-up to simulate ideal simply supported conditions.  198 
 199 
The support system was designed to ensure that the test beam acted as a simply supported 200 
beam with pinned supports at each end. The test beam was supported on round sections. All 201 
contact surfaces within the system were machine ground and polished to a very smooth 202 
surface. The ends of the test beams were free to rotate and it was therefore confirmed that 203 
simply supported conditions were simulated accurately at the end supports. The measuring 204 
system was set-up to record the applied load at mid-span and associated test beam 205 
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deflections. Two laser displacement transducers were located on the test beam under the 206 
loading point and web panel to measure the vertical and lateral deflections, respectively 207 
(Figure 4). Lateral deflection was measured at Point A of the shear panel as shown in Figure 208 
4 whereas the vertical deflection was measured on the bottom flange of LCB specimen at 209 
mid-span. 210 
 211 
3.3. Details of Stiffening Arrangements 212 
 213 
This section presents the details of the different web stiffening arrangements used in this 214 
experimental study. Stiffeners were not used in Test Specimens 1 to 4 (G450 LCBs with 215 
aspect ratio = 1.5). In Test Specimens 5 and 6, the web openings were stiffened with plate 216 
stiffeners based on AISI’s (2004) minimum stiffening requirements. The thickness of the 217 
plate stiffener was equal to the thickness of 250x75x15x1.90 LCB section (i.e. 1.90 mm) 218 
while the plate stiffener extended 25 mm beyond all the edges of the web openings. This gave 219 
the dimensions 110x110x1.90 mm and 150x150x1.90 mm for the plate stiffeners of Test 220 
Specimens 5 and 6, respectively. The plate stiffener was fastened to the LCB section web 221 
element with No.12 Tek screws at 25 mm spacing along the edges of the plate stiffener with 222 
an edge distance of 12.5 mm as shown in Figure 5(a). This fastening arrangement is named as 223 
“Arrangement 1” (AISI, 2004). In Test Specimen 7, 250x75x15x1.90 LCB stud stiffeners 224 
were attached to LCB specimen with 100 mm web openings as shown in Figure 5(b). In Test 225 
specimens 8 to 10, large plate stiffeners that extended 50 mm beyond all the edges of the web 226 
openings were used. This gave the dimensions of 200x200x1.90 mm and 225x225x1.90 mm 227 
for Specimens 8 and 9, while they were 225x225x3.80 mm for Specimen 10 as two 1.90 mm 228 
thick plate stiffeners were used here.  The screw fastening arrangement in Test Specimens 7 229 
to 10 was placed with three screws on each side of the plate stiffener giving a total of 8 230 
screws and improved with four additional screws in the diagonal direction giving a total of 12 231 
screws (Arrangement 2) as shown in Figure 5(b). The additional screws along the diagonal 232 
direction were located at 10 mm from the edge of the web openings. Stiffeners were not used 233 
in Test Specimens 11 to 13 (G250 LCBs with aspect ratio =1.0). In Test Specimens 14 and 15 234 
web openings were stiffened with large plate stiffeners based on Arrangement 2 as was done 235 




3.4. Test Procedure 239 
 240 
Two LCBs with web openings were cut to the required length, and their sizes, in particular, 241 
the clear web height (d1) and web thickness (tw) were measured. Test specimens were cut 50 242 
mm longer than their required span in order to allow 25 mm overhang at each end of the test 243 
beam. Holes were then inserted at the loading and support positions to allow for the effective 244 
connections at these points. Stiffeners were then attached to the LCBs using No.12 Tek 245 
screws based on the fastening arrangements discussed in the previous section.  246 
 247 
Shear span (a) was taken as the distance between the centre of the inner bolts on the web side 248 
plates (Figure 4), and the test span was calculated based on the required aspect ratio (Figure 249 
4). For 250x75x15x1.90 LCB with d1 = 250 mm, the shear span was 375 mm corresponding 250 
to an aspect ratio of 1.5. Hence the specimen length was 935 mm based on the spacing of 251 
bolts in the web side plates of 45 mm and the edge distance of outer bolts of 25 mm. The two 252 
LCBs were then assembled as back to back LCBs. The assembled pair of LCB sections was 253 
positioned accurately in the test rig to ensure that the three point loading method was 254 
achieved. 255 
 256 
Two laser displacement transducers were positioned and connected to the data acquisition 257 
system to measure the vertical and lateral deflections as shown in Figure 4. A small load was 258 
applied first to allow the loading and support systems to settle on bearings evenly. The 259 
measuring system was then initialised with zero values and the loading was commenced. The 260 
cross-head of the testing machine was moved at a constant rate of 0.7 mm/minute until the 261 
test beam failed. 262 
 263 
3.5. Test Results and Discussions 264 
 265 
This experimental study was conducted to establish the capacities of LCB sections with 266 
stiffened web openings subject to shear, and combined bending and shear actions. These test 267 
capacities can be used to assess the accuracy of available design rules as well as the finite 268 
element models of LCBs with stiffened web openings. The shear force induced in each LCB 269 
section is equal to the applied load divided by 4 in the back to back LCB test arrangement. 270 
Table 4 shows the ultimate capacities of LCBs tested in this study. Test Specimen 1 (G450 271 
250x75x15x1.9 LCB) without any web openings reached a capacity of 63 kN while Test 272 
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Specimens 2 to 4 showed reductions in their shear capacities by about 37% for dwh/ d1=0.50. 273 
Similarly Test Specimen 11 (G250 250x75x15x1.9 LCB) reached a capacity of 55.3 kN with 274 
almost a 50% reduction for dwh/ d1=0.50 (Test Specimen 13). Figures 6(a) to (d) show the 275 
failure modes of LCBs without and with web openings. As stated in Section 3.1, some test 276 
specimens were subject to combined bending and shear actions (0.70>M*/Ms>0.50), and 277 
their shear capacities could have been reduced by about 10%. However, test capacity results 278 
could still be used to assess the effectiveness of stiffening arrangements. 279 
 280 
In order to enhance the shear capacities of LCBs with web openings, plate stiffeners and LCB 281 
stud stiffeners were considered in this research (see Figure 5). The plate stiffeners increased 282 
the effective web thickness while also restraining the free edges of the web openings. Hence 283 
the use of plate stiffeners provided an increase in the shear, and combined bending and shear 284 
capacities of LCBs as shown in Table 4. All the test specimens failed at the web openings. 285 
Test Specimen 6 stiffened based on AISI (2004) recommendations (Arrangement 1) only 286 
reached a shear capacity of 56.9 kN in comparison to LCB section without web openings (63 287 
kN). Hence this test showed that the plate stiffeners established as per the recommendations 288 
of AISI (2004) and Sivakumaran (2008) are not adequate to restore the shear capacities of 289 
LCB with web openings when the ratio of depth of web opening to clear height of web 290 
(dwh/d1) is 0.40.  However, they are adequate for LCBs with smaller openings with a dwh/d1 of 291 
0.24 (Test Specimen 5: 65.6>63.0 kN)).  292 
 293 
Table 4 shows that by using LCB stud stiffeners with improved Arrangement 2 it was 294 
possible to achieve the full capacity of LCB without web openings (65.2 > 63.0 kN) in Test 7 295 
with 100 mm web openings (dwh/d1 = 0.40). The use of LCB stud stiffeners provided higher 296 
capacities than plate stiffeners of the same thickness. However, as shown by Keerthan and 297 
Mahendran (2013b) for LiteSteel beams they may not be able to fully restore the shear 298 
capacity of LCBs without web openings when the depth of web opening to clear height ratio 299 
(dwh/d1) is greater than 0.40. Figures 7 (a) to (d) show the failure modes of test specimens 300 
with stiffened web openings. 301 
 302 
In Test Specimens 8 to 10, large plate stiffeners were used with improved screw fastening 303 
arrangement (Arrangement 2). In Test 8, large 200x200x1.90 mm plate stiffeners were able to 304 
restore the full capacity of LCB section (62.7 vs 63 kN) when the depth of web opening to 305 
clear height ratio (dwh/d1) was equal to 0.40. Tests 9 and 10 were conducted to determine the 306 
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required web thickness in the case of larger 125 mm web openings. They were conducted 307 
with 1.90 mm and 3.80 mm (two 1.90 mm) plate stiffeners. Test Specimen 9 only reached 308 
85% of the capacity of LCB section without web openings (53.7 kN vs 63 kN). However, 309 
Test Specimen 10 reached 99% of the capacity of LCB section without web openings (62.2 310 
kN vs 63 kN). Hence plate stiffeners (total thickness of 3.80 mm) screw-fastened using 311 
Arrangement 2 were considered to have restored the full capacity in this case (dwh/d1 = 0.50). 312 
Figure 8 shows the applied load versus deflection curve for 250x75x15x1.90 LCB with 100 313 
mm web openings and 200x200x1.90 mm plate stiffeners (Test 8). It shows the presence of 314 
significant post-buckling capacity beyond elastic buckling. 315 
 316 
Tests 14 and 15 investigated the use of single plate stiffener for 250x75x15x1.90 LCBs made 317 
of G250 steel (fy = 271 MPa). These sections had an aspect ratio of 1.0 and dwh/d1 ratios of 318 
0.4 and 0.5 (dwh = 100 and 125 mm). Test Specimen 14 reached 91.5% of the shear capacity 319 
of LCB section without web openings (50.6 kN vs 55.3 kN) while Test Specimen 15 reached 320 
80% of the shear capacity of LCB section without web openings (44.2 kN vs 55.3 kN). Test 321 
Specimen 15 (aspect ratio = 1.0) is similar to Test Specimen 9 (aspect ratio = 1.5). However, 322 
shear capacity restored in Test Specimen15 was lower than in Test Specimen 9. This 323 
reduction in restored shear capacity for Test Specimen 15 is a result of the use of reduced 324 
plate stiffener sizes in this test. The use of aspect ratio of 1.0 resulted in a smaller shear panel 325 
length (a), consequently reducing the distance between the web side plates. Hence the width 326 
of plate stiffeners used in this test had to be reduced.  327 
 328 
Figure 9 shows the comparison of Tests 6 to 8 in the form of applied load versus lateral 329 
deflection curves. It shows that elastic buckling load of LCBs with stud stiffeners was 330 
significantly higher than that of LCBs with plate stiffeners. It can be seen that the use of LCB 331 
stud stiffeners is the most effective stiffening arrangement for restoring the shear capacity of 332 
LCBs with dwh/d1 ratios of 0.40 or less unless plate stiffener with suitable fastening 333 
arrangements (A2) and thicknesses are used. 334 
 335 
In summary, the following observations can be made based on the test results reported in 336 
Table 4. The AISI (2004) recommended plate stiffener sizes and arrangements are unlikely to 337 
restore the shear capacity of LCBs with larger web openings (dwh/d1 > 0.24). Comparing the 338 
results of Tests 6 and 8, it can be recommended that larger plate stiffeners using the fastening 339 
Arrangement 2 (A2) proposed in this paper provides a better solution than AISI 340 
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recommended plate stiffeners. The AISI (2004) recommended that the minimum thickness of 341 
stiffeners shall be equal to the thickness of receiving section, and shall extend a minimum of 342 
25 mm beyond all the edges of the openings. However, test results showed that the plate 343 
stiffeners established as per the recommendations of AISI (2004) are not adequate to restore 344 
the shear capacities of LCBs with larger web openings. Therefore plate stiffeners were 345 
extended to 50 mm beyond all the edges of the openings to enhance the shear capacity of 346 
LCBs with web openings. 347 
 348 
The use of LCB stud stiffener is also unlikely to restore the shear capacity of LCBs with large 349 
web openings and has other practical limitations. Hence the use of large plate stiffeners (50 350 
mm beyond all the edges of web openings) fastened using Arrangement 2 is recommended.  351 
However, a suitable plate stiffener thickness must be used depending on the size of web 352 
openings (dwh/d1). Test results in Table 4 are inadequate to determine the suitable plate 353 
stiffener thickness as a function of dwh/d1. Further as stated in Section 3.1, some test 354 
specimens were subjected to combined bending and shear actions.  Hence a numerical study 355 
was undertaken for LCBs with large web openings (dwh/d1 > 0.24) (Section 5). For this 356 
purpose validated numerical models were developed first by simulating the tested LCBs and 357 
comparing the results as shown in the next section.            358 
 359 
Based on the current AS/NZS 4600 design rules for combined bending and shear actions, test 360 
capacity results in Table 4 can be used to recommend suitable plate stiffener arrangements to 361 
restore the original capacity of beams without web openings for LCBs subject to combined 362 
bending and shear actions when M*/Ms ratio is less than 0.70. In order to investigate the 363 
applicability of the recommended plate stiffener arrangements for LCBs subject to primarily 364 
shear (M*/Ms <0.50), finite element analyses were performed and the results are reported in 365 
Section 6. 366 
 367 
4. Finite Element Analyses of Tested LCBs with Stiffened Web Openings   368 
 369 
This section illustrates the development of suitable finite element models to investigate the 370 
behaviour and strength of tested LCBs with stiffened web openings. For this numerical study, 371 
a general purpose finite element program, ABAQUS Version 6.7 (HKS, 2007), which has the 372 
capability of undertaking geometric and material non-linear analyses of three dimensional 373 
structures, was used. Finite element models were developed first by accurately simulating the 374 
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actual test members, physical geometry, loads, constraints and mechanical properties reported 375 
in the experimental study. This experimental study included 15 shear tests of simply 376 
supported back to back LCBs with stiffened web openings under a three-point loading 377 
arrangement as shown in Figure 4. The cross-section geometry of the finite element model 378 
was based on the measured dimensions, thicknesses and yield stresses of 15 tested LCBs. 379 
Table 3 gives the measured dimensions of tested LCB sections. Shear, and combined bending 380 
and shear test results of back to back hollow flange channel beams (LiteSteel beams) were 381 
similar to those obtained from single beams with a shear centre loading (Keerthan and 382 
Mahendran, 2010). Hence in this study, finite element models of single LCBs with a shear 383 
centre loading and simply supported boundary conditions were used to simulate the tested 384 
back to back LCBs with stiffened web openings shown in Figure 4. The shell element in 385 
ABAQUS called S4R5 was used to simulate the shear behaviour of LCBs with stiffened web 386 
openings. Convergence studies showed that an element size of 5 mm x 5 mm provided an 387 
accurate representation of shear buckling and yielding deformations. R3D4 rigid body 388 
elements were used to simulate the restraints and loading in the finite element models of 389 
LCBs with stiffened web openings. In order to get accurate results, Paver Mesh was applied 390 
around the LCB web and stiffener openings. Figure 10 shows the geometry and finite element 391 
mesh of typical LCBs with stiffened web openings.  392 
 393 
The ABAQUS classical metal plasticity model was used in all the finite element analyses. 394 
When the measured strain hardening in the web element as reported in Keerthan and 395 
Mahendran (2011) was used in finite element analyses (FEA), the shear capacity 396 
improvement was less than 1%. Hence it was not considered in our analyses. Measured yield 397 
stresses were used in FEA.  The elastic modulus and Poisson’s ratio were taken as 200,000 398 
MPa and 0.3, respectively. Simply supported boundary conditions were implemented in the 399 
finite element models of LCBs with stiffened web openings. The vertical translation was not 400 
restrained at the loading point. In order to provide simply supported conditions for the shear 401 
panel, the following boundary conditions were employed. 402 
 403 
Left and right supports: ux = 0    x = 1     Mid-span loading point:  ux = 1  x = 1 404 
   uy  = 1   y = 0                                              uy = 0  y = 0 405 
  uz  = 1   z = 0                                              uz = 1  z = 0 406 
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Note: ux, uy and uz are translations and θx, θy and θz are rotations in the x, y and z directions, 407 
respectively. 0 denotes free and 1 denotes restrained. 408 
 409 
Experimental studies showed that strap failures did not occur.  Considering this observation, 410 
the straps were not explicitly modelled. Instead they were simulated using suitable boundary 411 
conditions as follows. 412 
Strap Locations:  ux = 0  uy = 0  uz = 1  x = 1  y = 0  z = 0 413 
 414 
Figure 11 shows the applied loads and boundary conditions used in the finite element models. 415 
Shear test specimens included a 75 mm wide plate at each support to prevent lateral 416 
movement and twisting of the cross-section. These stiffening plates were modelled as rigid 417 
bodies using R3D4 elements. The motion of the rigid body can be prescribed by applying 418 
boundary conditions at the rigid body reference node. Hence simply supported boundary 419 
conditions were applied to the node at the shear centre to provide an ideal pinned support. 420 
 421 
Test results showed that there were no screw fastener failures. Hence this was assumed in all 422 
the finite element analyses used here. The screw fasteners connecting the LCB to the 423 
stiffeners (Plate or LCB stud stiffeners) were not explicitly simulated in the finite element 424 
model. Instead they were simulated using perfect Tie MPCs, which makes all active degrees 425 
of freedom equal on both sides of the connection. The fabrication tolerance limit of 0.006d1 426 
was used as imperfection in the numerical models of LCBs. The critical imperfection shape 427 
was introduced by ABAQUS *IMPERFECTION option with the shear buckling eigenvector 428 
obtained from an elastic buckling analysis. Preliminary FEA showed that the effect of 429 
residual stresses on the shear capacity of cold-formed steel beams without openings is less 430 
than 1% (Keerthan and Mahendran, 2011). Hence the effect of residual stresses on the shear 431 
capacity of LCBs with stiffened web openings is also likely to be very small. It was thus 432 
decided to neglect the residual stresses in the FEA of LCBs with stiffened web openings.  433 
                            434 
It is required to validate the developed finite element models for the non-linear analyses of 435 
LCBs with stiffened web openings. This was achieved by comparing the non-linear analysis 436 
results with the test results reported in Section 3. This comparison was intended to establish 437 
the validity of developed the shell element model in the modelling of initial geometric 438 
imperfections and shear deformations, and associated material yielding. Test and FEA results 439 
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were compared, with particular attention given to the ultimate load, load-deflection curves 440 
and failure mechanism. Table 5 presents a summary of the ultimate shear capacities of LCBs 441 
with stiffened web openings from FEA and tests.  Some tests with an aspect ratio of 1.0 (Test 442 
15) resulted in a smaller shear panel length (a) and thus the proposed larger plate stiffeners 443 
(50 mm from the edge of the web openings) could not be used in those tests. Therefore only 444 
the LCBs with an aspect ratio of 1.5 were considered in finite element analyses.  445 
 446 
The mean and COV of the ratio of test to FEA ultimate shear,  combined bending and shear 447 
capacities reported in Table 5 are 0.99 and 0.01. This indicates that the finite element model 448 
developed in this study is able to predict the ultimate shear, and combined bending and shear 449 
capacities of LCBs with stiffened web openings with very good accuracy. Figure 12 shows 450 
the FEA results in the form of load versus deflection for 250x75x15x1.90 LCB with 125 mm 451 
stiffened web openings (Test Specimen 10) and compares them with corresponding 452 
experimental results while Figures 13 and 14 show the failure modes of Test Specimens 9 453 
and 7, respectively. These figures demonstrate a good agreement between the results from 454 
FEA and tests conducted in this study. Such good agreements between FEA and test results 455 
thus confirm the recommendations regarding plate stiffeners made in Section 3 based on test 456 
results alone. The validated finite element model was therefore used in a parametric study to 457 
obtain the ultimate capacities of LCBs with web openings that were not included in the 458 
experimental study.  459 
  460 
5. Parametric Study of LCBs with Stiffened Web Openings (Plate Stiffeners) 461 
 462 
In this parametric study based on validated finite element models, G450 steel 463 
250x75x15x1.90 LCBs with five web opening sizes (60, 100, 125, 150 and 175 mm), were 464 
selected with an aim to determine the suitable plate stiffener thickness that increases the shear, 465 
and combined bending and shear capacities to that of LCB without web openings in each case. 466 
The plate stiffener thickness was varied from 1.0 to 5.7 mm in the LCB models with an aspect 467 
ratio of 1.5 and the recommended sizes and fastening plate stiffener arrangement (A2). Here 468 
26 FEA results were obtained. The ultimate shear capacities of stiffened LCBs with varying 469 
ratios of dwh/d1 are given in Table 6. The use of an aspect ratio of 1.0 resulted in a smaller 470 
shear panel length (a), consequently reducing the distance between the web side plates. Hence 471 
the width of plate stiffeners used in finite element models need to be reduced. For the 472 
proposed stiffener arrangement, plate stiffeners had to extend 50 mm beyond all the edges of 473 
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the web openings to enhance the shear capacity of LCBs. However, this was not possible for 474 
LCBs with an aspect ratio of 1.0.  Therefore LCBs with an aspect ratio 1.0 was not considered 475 
in the parametric studies as was done in the experimental study. 476 
 477 
Figures 15(a) to (d) and Table 6 show the FEA results in the form of ultimate shear capacities 478 
of LCB with stiffened web openings versus stiffener thickness for 250x75x15x1.90 LCB. 479 
These figures also show the FEA shear capacity of LCB without web openings (64 kN) with 480 
a small effect (10%) due to combined bending and shear actions. Hence the required plate 481 
stiffener thickness can be determined in each case when the stiffened LCB shear capacity 482 
reaches 64 kN assuming the same small reduction in shear capacity due to the combined 483 
bending and shear actions. Web opening will not cause a significant reduction to the section 484 
moment capacity (Ms). Figure 15 (a) shows that the suitable thickness of plate stiffener is 1.9 485 
mm for 250x75x15x1.90 LCB with 100 mm web openings. Similarly, Figures 15 (b) to (d) 486 
show that 2.5 mm, 3.6 mm and 4.6 mm are the suitable plate stiffener thicknesses for 487 
250x75x15x1.90 LCBs with 125 mm, 150 mm and 175 mm web openings, respectively. 488 
Depth of web opening to the clear height of web ratio (dwh/d1) was limited to 0.7 based on 489 
AS/NZS 4600 guide lines (SA, 2005).  490 
 491 
Table 7 shows the recommended plate stiffener thicknesses for 250x75x15x1.9 LCBs with 492 
different web opening sizes and fastened using Arrangement 2 with 12 No.12 screws. It 493 
shows that LCBs were able to restore the original capacities when the recommended plate 494 
stiffener arrangements were used around the web openings.  The recommended plate stiffener 495 
arrangements are applicable when the applied moment M* to the section moment capacity Ms 496 
ratio (M*/Ms) is less than 0.7. 497 
 498 
Since the loss of shear capacity of LCBs was negligible (3%) (see Tables 5 and 6) when 499 
dwh/d1 is 0.24, there is no need to improve the shear capacity of LCBs with smaller web 500 
openings (i.e plate stiffeners are not needed for 250x75x15x1.9 LCB with 60 mm web 501 
openings). Detailed parametric studies will be undertaken for other available LCBs. The use 502 
of different types of stiffeners, namely, plate stiffeners, LCB stud stiffeners, sleeve stiffeners 503 
and transverse stiffeners will also be investigated by using finite element analyses. 504 
 505 
Table 8 shows the ultimate capacity results of G450 250x75x15x1.9 LCBs with 150 mm web 506 
openings (dwh/d1 = 0.60) stiffened using LCB stud stiffeners. It shows that LCB stud 507 
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stiffeners using fastening Arrangement 2 was able to fully restore the shear capacity of LCBs 508 
without web openings when dwh/d1 is equal to or less than 0.40. This outcome from FEA 509 
confirms the finding from the experimental study (Test 7). Table 8 results from FEA then 510 
show that LCB stud stiffeners are not suitable as LCBs with 150 mm web openings (dwh/d1 = 511 
0.60) only reached 74% of the shear capacity of the LCBs without web openings (47.3 vs 64 512 
kN). 513 
 514 
6. Effect of Bending Moment on the Ultimate Shear Capacities of LCBs 515 
 516 
In order to investigate the effect of bending moment on the ultimate shear capacities of LCBs, 517 
the validated finite element model was used with varying yield stress values for flanges. 518 
Increasing the flange yield stress led to higher section moment capacities (Ms) and hence 519 
lower M*/Ms ratios where M* is the applied bending moment at shear failure. This allowed 520 
the investigation as a function of M*/Ms. Here 250x75x15x1.90 LCB with an aspect ratio 1.5 521 
was considered. The web yield stress of LCB was considered as 515 MPa. Figure 16 shows 522 
the shear capacity of LCB versus flange yield stress. It shows that the ultimate shear 523 
capacities of LCBs decrease gradually when the M*/Ms ratio increases up to a value of about 524 
0.58. However, they decrease rapidly when the applied moment to section capacity ratio 525 
(M*/Ms) exceeds 0.58. This occurs due to the presence of higher bending moments greater 526 
than 0.58Ms. Therefore it can be concluded that the shear capacity of LCB is not affected 527 
provided the ratio of M* to Ms is less than 0.58. This implies that the effect of combined shear 528 
and bending actions on LCB panels considered in the earlier sections is likely to be less than 529 
what was calculated based on the current AS/NZS 4600 design rules for combined actions. 530 
 531 
In order to investigate the applicability of the recommended plate stiffener arrangements 532 
(Sections 3 to 5) for LCBs subject to primarily shear, finite element analyses were performed 533 
for 250x75x15x1.90 LCB with 175 mm web openings (M*/Ms = 0.51, Web yield stress  = 534 
515 MPa, Flange yield stress = 800 MPa, Aspect ratio = 1.5). Figure 17 shows the FEA 535 
results in the form of shear capacity of LCB with stiffened web openings versus stiffener 536 
thickness for 250x75x15x1.90 LCB with 175 mm web openings. This figure also shows the 537 
FEA shear capacity of LCB without web openings (73 kN). Hence the required plate stiffener 538 
thickness can be determined in this case when the stiffened LCB shear capacity reaches 73 539 
kN.  Figure 17 shows that the suitable plate stiffener thickness is 4.8 mm for 250x75x15x1.90 540 
LCB with 175 mm web openings, and thus confirms that the recommended plate stiffener 541 
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arrangements in Table 7 can be used for LCBs subject to primarily shear. Figure 18 shows 542 
the shear failure mode of 250x75x15x1.9 LCB with 175 mm web openings (flange bending 543 
failure was not observed).      544 
 545 
7. Recommended Plate Stiffener System for LCBs with Web Openings  546 
 547 
In this section a suitable plate stiffener system is developed for LCBs with web openings 548 
based on test and FEA results as reported in the previous sections. Although successful tests 549 
were conducted only for 250x75x15x1.9 LCBs, it is considered that test and FEA results 550 
reported in this paper can be used to propose a suitable plate stiffener system that is 551 
applicable to other LCBs. The use of plate stiffeners allows the designers to use appropriate 552 
widths, heights and thicknesses. Hence plate stiffeners are proposed with the following 553 
minimum dimensions. The width of the recommended plate stiffener is dwh+100 mm where 554 
dwh is the depth of the web opening while its height is lesser of clear web height (d1) and 555 
dwh+100 mm. It is recommended that these plate stiffeners are fastened to LCB webs using 12 556 
No.12 Tek screws and Arrangement 2. This recommended plate stiffener arrangement is an 557 
improvement of the recommendations of AISI (2004) and Sivakumaran (2008). The plate 558 
stiffener does not have to extend up to the full clear web height. This is why the required 559 
plate stiffener height is lesser of (d1) and dwh+100. For example, in the case of 560 
250x75x15x1.9 LCB with 60 mm web openings the required plate stiffener sizes will be 561 
160x160 mm and not 160 x 250 mm. 562 
 563 
It was found that the required plate stiffener thickness depends mainly on the ratio of the 564 
depth of web opening to the clear height of web ratio (dwh/d1). Hence suitable predictive 565 
equations for the thickness of required plate stiffeners (tstiff) (Eqs. (1) to (3)) are proposed as a 566 
function of dwh/d1 using the final results in Table 7. Eqs. (1) to (3) and associated dwh/d1 567 
ranges relied on both FEA and test results reported here. Since the level of fixity at the web-568 
flange juncture of LCB is the same for the available LCBs (23% fixity level) (Keerthan and 569 
Mahendran, 2012), Eqs. (1) to (3) are considered to be applicable to all the LCB sections. 570 
Equations 1 to 3 provide a lower bound to the required plate stiffener thickness (tStiff) based 571 
on the results in Table 7 and thus ensure a safe design of LCBs with stiffened web openings. 572 
 573 
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 575 
















tStiff = tw 
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 579 
 wStiff = dwh+100                (4)                         580 
 581 
 hStiff = Lesser of dwh+100 and d1             (5) 582 
where, tstiff, wstiff, hstiff = Thickness, width and height of plate stiffeners 583 
 584 
Keerthan and Mahendran (2013c) proposed suitable equations for the shear capacity of LCBs 585 
without web openings. These equations can be used for LCBs with stiffened web openings 586 
when the improved plate stiffener arrangement recommended in this section is used. They are 587 
also given in Appendix A of this paper for the sake of completeness. Proposed DSM shear 588 
design equations shown in Appendix A are applicable for beams with web stiffeners as 589 
defined in Section 1.2.2.2.2 (AISI, 2012). However, they were developed as lower bound 590 
design rules and thus ensure a safe design of LCBs. These equations are not applicable to 591 
beams without web stiffeners as defined in Section 1.2.2.2.1 (AISI, 2012) because they 592 
include post-buckling strength. 593 
 594 
Figure 19 shows the schematic diagram of the recommended plate stiffener arrangement for 595 
LCBs with web openings. The recommended plate stiffener arrangements can be used for 596 
LCBs subject to primarily shear and combined bending and shear actions. 597 
 598 
8. Conclusions 599 
 600 
This paper has presented the details of experimental and numerical studies into the behaviour 601 
and strength of lipped channel beams (LCBs) with stiffened web openings subject to shear, 602 
and combined bending and shear actions. These studies were conducted to develop the most 603 
suitable web stiffening arrangements for LCBs with circular web openings under shear, 604 
combined bending and shear actions. In order to investigate the effects of stiffener types 605 
(plate and stud stiffeners) and sizes (thickness, width and height) and screw fastening 606 
arrangements on the shear capacities of LCBs with web openings, 15 tests were conducted 607 
using a three point loading arrangement. Suitable finite element models were developed and 608 
validated by comparing their results with corresponding test results. The developed nonlinear 609 
finite element models were able to accurately predict the shear, combined bending and shear 610 
capacities, load-deflection curves and failure modes of LCBs with stiffened web openings. 611 
Both numerical and experimental results show that the plate stiffeners based on the 612 
(3) 
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recommendations of AISI (AISI, 2004) are not adequate to restore the original shear strengths 613 
of LCBs. New plate stiffener systems with suitable sizes and screw-fastening arrangements 614 
have been proposed to restore the original shear capacities of LCBs based on the results from 615 
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Appendix A: Proposed Design Equations for the Shear Strength of LCBs  681 
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where kss, ksf = shear buckling coefficients of plates with simple-simple and simple-fixed 702 
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